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ABSTRACT

Improvements to the expanding ring test for determination of dynamic material properties are described.
The improvements alleviate previous difficulties associated with double-differentiation of ring displacrment-
time data, The technigue is i1lustrated utilizing 6061-0 and E061-T6 aluminum rinas expanded well into the
plastic range at strain rates up to 10"/s. Two-dimensional numerical investigaticns of the expansion process

qualitatively predict observed results and clarify the range over which data is useful for determining material
propert ies.

INTRODUCTION

Since its introduction nearly twn decades ago, the expanding ring test has shown considerable promise as a
simple methott of ohtaining strain-rate-sensitive uniaxial stress property data. The procedure 1s to monitor
the radial motion of a freely expanding ring. The stress-strain-strain rate response of the ring material can
ther be calculated from the ring equation of motion and the recorded data.

The authors have recently presented preliminary results! on a modification to the expanding ring test that
overcomes the double differentiation difficulty encountered by others using displacement-time expanding ring
data to calculate stress.”’*' The procedure used is to directly measure the radial velocity-time of the
uniformly expanding rirg by means of a laser velocity interferometer." By both integrating and differentiating
the velocity-time data only once, dynamic stress-strain curves for a materfal at vartous values of strain rate
are deduced and presented in the form of three-dimensional stress-strain- strain rate curves.

It is the purpose of the present paper to describe improvements and applications of the method reported in
Ref. ). Expanding ring experimental results on 6061-C and 606)-T6 aluminum are described over a wide range of
strain rates. lhese experimental results are used to 1l1lustrate improvements in the previous date reduction
techniques. In addition, the experimenti¢)l results are compared with two-dimensional numerical calculations
that were performed to increase the understanding of the detailed phenomenoloy, of the expanding ring. These
calculations, which include the effects of wave propagation through the ring as « 11 as axial material motions,
were performed with a hydrodynamic computer program,

GUVERNING RING EQUATIONS

The circumferential stress, o, in a thin ring nf radius r undergoing symmetrical radial motion, derived
from Newton's Second lLaw, 18

Jg = -.ur'r: . (1)
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where p is mass density of the ring material and F is radial acceleration. If one assumes that plastic strains
conserve volume and the elastic volume change is negligible, then density does not :hange with ring expansion
and Eq. (1) can be shown to be based on current cross-sectional area; i.e., o represents true stress.

True strain is given by ¢ = ln(r/ro) where ry " initial ring radius. True strain rate thern becomes
£ r/r.

Determination of dynamic stress-strain-strain rate contours is conceptually quite simple. The ring
initially undergoes a rapid acceleration; then, as the ring expands outward, its radial velocity, I, decreases
because of the opposing hoop stress, o. Based only upon radial ring velocity F(t), as measured directly by the
velocity intzrferometer at some time t, it is possible to calculate radial displacement, r(t), by numerical
integration and radial ccceleration, r(t), by a single numerical differentiation. The stress-strain-strain
rate point at that instant of time, t, can then be determined by appropriate application of the above equa-
tions.

In this work we assume that the stress-strain-strain rate behavior can be represented by a surface in
three-space, and, for purposes of illustration of the expanding ring technique, results are presented in
stress-strain-strain rate tpace. The trajectory of a given expanding ring is represented by a single curved
1ine 1n stress-strain-strain rate space with strain rate monotonically decreasing and strain monotonically
increasing when the material is deforming plastically. By running several experiments for a given material
over a range of initial strain rates, a series of lines 1s plotted in this three-space and a surface will
emerge. Quasi-static data, which should also fall on this surface, can then be plotted on the ¢ = 0 plane for
comparison if desired.

EXPER IMCNTAL PROGRAM

Ring-Driver System

The expuriirent 1s constructed as shown in Fig. 1. A ring of the material to be studied is press-fitted
onto a steel cylindrical driver. The przas-rit insures qood contact between the ring and driver and pre-loads
the ring to a hvop stress about equal to the yleld strength. Subsequent radial displacement is essentially all
plastic. A cylinder of high explosive is centered inside the driver and detonators are placed on both ends of
the explosive. A field lens 1s placed approximately a focal length from the surface of the ring and the beam
from a laser is focussed to a small spot on the ring that has been slightly roughened to diffusely reflect the
beam. The lens also acts a5 a collector for this reflected beam, sending it back to the interferometer as a
broad, parallel beam, The steel drive~ and ring are designed so that when the explosive detonates, the driver
undergoes elastic and i)ightly plastic expansion. The thin ring, however, separates from the driver and under-
goes large plastic defurmations as its initial kinetic energy is dissipated into plastic work.

Velocity Interferometer System

- Figurc 2 shows a simplified schematic of the interferometer system. The return beam is reduced in size,
split, and directed into two interferometers, the sensitivities of which can be adjusted independently. The
interferometer laycut Is similar to the VISAR developed by Barker and Hollenbach." Because we needed greater
velocity sensitivity than is normally possible with the VISAR using etalons as optical delays, & modified
version of an air delay ley sugyested by Amery® was incorporsted into the high sensitivity interferometer on
these experiments. Details of the interferometer and the data reduction are in Refs, 4 and 5. Briefly, the
frequancy of the return beam reflected from the moving target is Doppler-shifted by an amount proportional to
the velocity of the target. In the individual interferometers, the beam is split and the light traversing one
leg of the interferometer is delayed a smal) amount relative to the other leg (typically a few tenths of o
nanosecond to as much as 20 nanoseconds). Thus, the two heams that are combined to give interference were
reflected from thn target at two different times. If the target is accelerating, these two beams will have
slightly different frequencies and the resulting difference frequency ts detected by photomu!tipliers and
recorded on oscilloscopes. These traces provide a continuous record of the target velocity to within a few
meters/second,

Experiments Conducted

Materials on which expending ring experiments have been conducted to date include “ardened ana annealed
copper, AOG1-T6 and 6061-N aluminum, lead, uranium-6% niobium alloy, as wel! as rocket propellant. The
parameters varfed in these tests are the mass of expiostve and the size of the driver/ring system. Numerous
identical experiments have been performed to check on reproducibility of the data.

THEORETICAL INVESTIGATION OF TWO-DIMENSIONAL EFFECTYS

A typical velocity-time curve from an expanding ring test with annealed aluminum 13 shown in Fig. 3. Four
reglons, cach having & sonewha: different behavior, can be {Zentified. Region I contains the in:tial ring
acceleration caused by the shock wave reflection at the ring surface and also includes the subseqient radial
wave reflections, Region 11 starts after the radial wave motion has damped and ccntains a period of rapidly
decreasing velocity with the deceleration higher in the beginning and lower near ‘ae end of the region. Region
111 contains a period of fairly constant deceleravion. The arrival of the first unwanted disturbance marks the
heginning of Region IV. Velocity-time data from Regtons | or IV ohviously cannot he used to iInfer stress, The



primary data window is Region IlI, and a central question concerning the interpretation of the data is whether
or not data from Region I! should be used to infer flow stress of the test material.

To investigate details of the driver-ring interaction, several two-dimensional, finite-difference calcu-
lattons were made. These calculations were performed with a Lagrangian continuum mechanics code similar to the
one described by Wilkins,® To simplify the calculation, the driver was initially given a uniform outward
radial velocity, and the test ring was initially motionless. Although this configuration is highly simplified
compared to the motion induced by the detonation of an explosive, it is assumed to cortain the essence of the
launch process.

Figure 4a shows a calculated velocity-time curve for an aluminum ring with a yield strength in tension of
0.18 GPa. The initial radial velocity of the driver was 100 m/s, and the velocity plotted in Fig. 4a 1is for
the point on the ring which is observed by the interferomoter. For this calculation, the material was treated
as elastic-perfectly plastic. Rerions I, II, and I1l can clearly be identified in the calculated velocity-time
curve of Fig. 4a. Figure 4b shows the veloci.y-time curve for a calculation that is nearly identical to the
one that produced Fig. 4a, but this calculation was for a one-dimensional problem; i.e., both driver and ring
were assumed to be long cylinders. Region 1l does not appear in the one-dimensional velocity-time curve of
Fig. 4b. From these calculated results, one concludes that Region 11, the period of rapidly decreasing velo-
city and deceleration, can result from two-dimensional flow effects in materials that are not rate sensitive.

Therefore, in the expanding ring test, care must be taken to avoid the use of data that may be affected by
two-dimensional effects.

Data Reduction Technique and Results

The final analysis of these experiments requires smoothing and subsequent differentiation and integration
of the numerical data F(t). Spline functions are often recommended for this purpose becavse their extreme
flexibility and strong local properties make them unlikely to introduce the bias often exhibited by more rigid
models such as global polynomials.” The spline function proposed by Reinsch®8'9 {s used here. The mecthod
contains a parameter that serves as a convenient smoothing control. The method is {llustrated in Fig. 5. The
effect of smoothing F(t) with the Reinsch algorithm for three variations in the smoothing paraneter car be
seen. Evaluation of the smoothing function and its derivative and integral results in values uf smoothed
radial displacement, velocity, and acceleration that together with the ring equations given earlier, determine
stress-strain-strain rate triples.

Figure 6 is a stress-strain curve {includirg elastic unloading) obtained with what appeared to be optimal
smoothing. A summary of the data obtained in this way is displayed in stress-strain-strain rate space for
6061 -T6 aluminum and 606!-0 aluminum in Figs. 7 and 8, respectively. The beginnings of a stress-strain-strain
rate surface are seen to emerge, with stress levels (at 4 qiven strain) generally increasinu slightly with rate
of strain.

CONCLUSIONS

Methods have been presented herein for {mproving the well-known expandinn ring experiment for dynamic
material property determinations. The new procedure, which incorporates a velocity interferometer for direct
ring velocity-time measurements, overcomes previous difficulties assoriated with double differentiation of ring
displacement-time data.

An improved scheme for data reduction and development of stress-strain-strain rate surfaces are described.
Finally, results of a detailed, two dimensional analysis of the ring expansion process are presented ano
compared with experimentally recorded velocity-time data. Experimental and calculational velocity-time traces
are in good sgreement, and the comparisons serve to delineate the useful rangn over which the riny onta provide
reliable material property information.
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Cross-Sectional View of the Experiment Flg. 2
Simplified schematic of the laser velocity inter-
ferometer system used on these experimnents. Each
of the two separate interferometers haS a photo-
multiplier (F ., monitoring the return light and
two PM's recording the interference information,
Additiona) optics (not shown) permit quadrature
recording of the interference information, enabl-
ing the sign of the target acceleration to be
determined.

!Wr-"l S R O e S St S S e ey |

IIOIL (
o by

140 'l".
1

ol 1l
g .
§100)

- i
3 lo'l

(4 — o - - [N v S, QU —
> ‘ LITTLY B TTYLY - LITHLY ] - LITULN. |

200
ol___l L | n 1 1 1 i i 1
° ) 10 T 10 2 30 » a0 a8 [}
Time (u8)
Fig. 3

Typical Velocity-Time Curve for 6061-0 Aluminum
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Calculated velocity-time curves for the test ring. Fig. 4a. driver velocity iOO m/s, yleld strength

0.18 GPa. Fig. 4b: calculation with motion restricted to the radial direction only. Driver velocity
100 m/s, yield strength = 0.18 GPa.
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The history of hoop stress for an experiment
on 6061-T6 aluminum showing the effect of smoothing Fig. 6
*{L) with the Reinsch algorithm. The parameter is The response of 6061-T6 aluminum determined
assigned standard deviation in czm/s. from the data of Fig. 5
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Fig. 7 Flg. 8
Stress-strain-strain rate plol of data from Stress-strain strain rate plot of dats from
expanding riny tests on 6061-T6 aluminum, expanding ring tests on 6061-0 aluminum.



